The difference in elliptic flow v2 between protons and antiprotons, produced in 197 Au + 197 Au collisions at center-of-mass energies √ sNN = 5 − 12 GeV, is studied within a modified version of the ultrarelativistic quantum molecular dynamics (UrQMD) model. Two different model scenarios are compared: the cascade mode and the mean field mode which includes potential interactions for both formed and pre-formed hadrons. The model results for the elliptic flow of protons and the relative v2 difference between protons and antiprotons obtained from the mean field mode agree with the available experimental data, while the v2 difference is near zero for the cascade mode. Our results show that the elliptic flow splitting, observed for particles and antiparticles, can be explained by the inclusion of proper hadronic interactions. In addition, the difference in v2 between protons and antiprotons depends on the centrality and the rapidity window. With smaller centrality and/or rapidity acceptance, the observed elliptic flow splitting is more sensitive to the beam energy, indicating a strong net baryon density dependence of the effect. We propose to confirm this splitting at the upcoming experiments from Beam Energy Scan (BES) Phase-II at Relativistic Heavy Ion Collider (RHIC), the Compressed Baryonic Matter (CBM) at Facility for Antiproton and Ion Research (FAIR), High Intensity heavy ion Accelerator Facility (HIAF) and Nuclotron-based Ion Collider fAcility (NICA).
I. INTRODUCTION
The properties of Quantum Chromodynamics (QCD) and its phase transition from a quark gluon plasma (QGP) to hadronic matter is one of the main fields of research in heavy ion physics. It is known from lattice QCD that for small baryon chemical potential (µ B ), the thermodynamics properties of QCD becomes a smooth crossover [1, 2] . As for QCD matter at large baryon chemical potentials (µ B > 400 MeV), created in nuclear collisions at lower incident energies, various theoretical studies have suggested that the QCD phase transition may be of first order [3] [4] [5] [6] [7] . Several experimental programs at the Brookhaven National Laboratory [8] , European Organisation for Nuclear Research (CERN) and future Facility for Antiproton and Ion Research (FAIR) [9] and Nuclotron-based Ion Collider fAcility (NICA) [10] have been devoted to search for signals of the QCD critical point and phase transition and to study the properties of the QGP. One of the main goals of the Beam Energy Scan (BES) program at the Relativistic Heavy Ion Collider (RHIC) is to study the various aspects of the QCD phase diagram. The BES Phase-I has been carried out at collision energies from √ s N N = 200 to 7.7 GeV, corresponding to baryon chemical potentials from 20 to 420 MeV. BES-I has produced a large number of exciting results (see, e.g., [11] [12] [13] [14] [15] [16] ), and has restricted the region of interest to the collision energies below √ s N N = 20 GeV. A particularly interesting result of this experimental program was the high precision measurement of the el-The anisotropic flow is an observable commonly used to study the properties of matter created in heavy ion collisions (HICs), sensitive to the equation of state (EoS) in the hot and dense early stage of the HICs. Various explanations have been proposed by several theoretical groups [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] to account for the observed v 2 splitting of particles and corresponding antiparticles. For instance, based on an extended multiphase transport model [29, 30] which includes mean field potentials in both the partonic and hadronic phase, the experimental data could be reproduced reasonably well at √ s N N = 7.7 GeV [31] , if repulsive interactions for quarks were considered. In Ref. [20] , within the framework of the ultrarelativistic quantum molecular dynamics (UrQMD) hybrid model, which combines the fluid dynamical evolution of the fireball with a transport treatment for the initial state and the final hadronic phase, the difference of elliptic flow is a result of the equilibrium hydrodynamical phase but is washed out by the subsequent transport phase through antiparticle annihilation. By tracing the number of initial quarks in the protons [32] , it was proposed that the difference of v 2 between produced quarks and transported quarks may also contribute to the splitting [33] .
The purpose of this paper is to study the splitting of elliptic flow between protons and antiprotons at √ s N N = 5 − 12 GeV within the purely hadronic framework of the UrQMD model. Our goal is to show the effect of the well understood nuclear potentials of lower incident beam energies on the v 2 splitting at higher beam energies. Thus, providing an alternatively explanation which solely relies on lower energy (high density) physics, that only slowly subsides at higher beam energies. In the following we will show that also a purely hadronic description is able to reproduce the observed effect, if realistic hadronic interactions are taken into account. Predictions at even lower beam energies are made to check that indeed hadronic interactions are mainly responsible for the observed splitting.
II. MODEL
In the following study the UrQMD model in its cascade (UrQMD/C, version 2.3) and a modified mean field mode (UrQMD/M) are employed. In order to accumulate a sufficient statistical accuracy, more than 10 million events are simulated for each energy and each mode. In the mean field mode of the UrQMD model [34, 35] , hadrons are represented by Gaussian wave packets in phase space which read as:
(1) here L = 2 fm 2 is the width parameter of the wave packet. The Wigner distribution function of the ith hadron is represented as:
(2) The coordinate r i and momentum p i of hadron i are propagated according to Hamilton's equation of motion:
The Hamiltonian H consists of the kinetic energy T and the effective interaction potential energy U , H = T + U . The density distribution function of a single particle can be obtained from the Eq. (1):
In order to study HICs at intermediate energies, a density-and momentum-dependent potential was implemented [36, 37] . In our study, both formed hadron and pre-formed hadron (string fragments that will be projected onto hadron states later) potentials are taken into account within the UrQMD model [38] [39] [40] [41] [42] . The concept of pre-formed hadron can be found in the process of hadron production in deep inelastic scattering on nuclei [43, 44] . In previous studies it was found that the description of observables such as nuclear stopping, elliptic flow and the Hanbury-Brown-Twiss interferometry (HBT) parameters of pions can be significantly improved by the inclusion of pre-formed hadron potential. Please see, e.g., [38] [39] [40] [41] [42] for more details.
For formed hadrons, density-, momentum-dependent and Coulomb potentials are included. The densitydependent potential can be written as:
Where α = −268 MeV, β = 345 MeV, and γ = 1.167 [45] , corresponding to the nuclear incompressibility K = 314 MeV. The normal nuclear matter saturation density is given as ρ 0 = 0.16 fm −3 , and ρ b is the density of formed baryon and antibaryon. The momentum-dependent term reads as:
where t md and a md are parameters, a detailed description of the implementation can be found in [45] . For pre-formed hadrons, only a similar density dependent term as that for the formed baryons is used and the momentum-dependent term is neglected, which read as
The parameters α, β and γ are taken the same values as for formed baryons. ρ h = i =j c i c j ρ ij is the hadronic density. For both formed and pre-formed baryons c i,j = 1, while c i,j = 2/3 for pre-formed mesons due to the difference of quark number, and 0 for formed mesons.
Beside that, there are no interaction between pre-formed baryons and formed baryons. For formed mesons, no nuclear potential is considered. Since pre-formed hadrons are usually created in a dense environment, the interaction between these pre-formed hadrons will be mainly repulsive.
In the high energy region, the Lorentz-covariant treatment of the mean-field potentials is considered since the Lorentz contraction effect is significant. As done in [45] [46] [47] [48] , the covariant prescription of the mean-field from the RQMD/S is implemented. RQMD/S uses much simpler and more practical time fixation constraints than the full RQMD [49] , and can give almost the same results for the transverse flow as the original RQMD [46] . The Hamiltonian, which reads [45] 
where V i is the effective potentials felt by the ith particle. And the equations of motion then become
The relative distance r ij = r i − r j and p ij = p i − p j in the two-body center-of-mass frame should be replaced by the squared four-vector distance with a Lorentz scalar,
where the velocity β ij and the γ ij -factor between the ith and jth particles are defined as
It is known that new hadronic degrees of freedom (hyperons, mesons, and quarks) are expected to appear in addition to nucleons in high densities, e.g., in HICs and in the neutron star interior. It has been argued that the different potentials for different particles can play an important role in the understanding of the EoS of neutron star matter [50] [51] [52] [53] [54] , as well as HICs matter. On another hand, for heavy-ion collisions in the energy range √ s N N = 5 to 12 GeV studied in this work, the early dynamic processes is not so much determined by the Lambda-nucleon potential as nucleon-nucleon interaction, since the yield of Lambda is still small relative to that of the nucleon [55] [56] [57] [58] [59] . Thus, it is expected that the inclusion of the Lambda potential would have a subleading contributions to the v 2 splitting between protons and anti-protons. Where the main contribution to the Λ (and other hypeons) would also come from a reduced absorption, due to the lower density.
In the cascade mode of the model, no potential interactions are present and the hadrons interact only through binary scattering according to a geometrical interpretation of elastic and inelastic cross sections.
III. RESULTS
The anisotropic flow coefficients are defined by the Fourier decomposition of the azimuthal distribution of particles with respect to the reaction plane, which can be written as [17, 60] :
where φ is the azimuthal angle of the particles, Ψ RP is the azimuthal angle of the reaction plane, which is defined by the line joining the centers of colliding nuclei and the beam axis. Ψ RP is fixed at zero in this work by definition. v n is the Fourier coefficient of harmonic n. The first harmonic coefficient of the Fourier expansion v 1 is called directed flow, the second coefficient v 2 is called elliptic flow and the third v 3 is called triangular flow. In the following, we will discuss the elliptic flow (v 2 ), which defined as:
here p x and p y are the two components of the transverse
The angular brackets denote an average over all considered particles from all events.
For beam energies of (1 − 11A GeV), the elliptic flow results from a competition between the early squeeze-out and the late-stage in-plane emission. The magnitude and the sign of the elliptic flow depend primarily on two factors [61] [62] [63] , the pressure of the compressed region and the passage time of the spectator matter. At beam energies below 4A GeV, negative values for v 2 are observed [62, [64] [65] [66] , reflecting a preferential out-of-plane emission, as spectator matter is present and blocks the path of participant matter which try to escape from the fireball zone. At higher energies the expansion occurs after the spectator matter has passed the compressed zone, and therefore the elliptic flow is mainly caused by the initial asymmetries in the geometry of the system produced in a non-central collision. An additional, very important, feature of increasing beam energy is the decreased amount of baryon stopping in the central rapidity region of the collision. At the highest beam energies available, at the Large Hadron Collider (LHC), one essentially observes a full particle antiparticle symmetry in all observables as no incoming baryons are stopped. Only as the beam energy decreases, more and more baryons are stopped in the experiments acceptance and therefore can have an effect on the difference between particles and antiparticles. Thus, it is natural to assume that any effect sensitive to the net baryon density will disappear slowly with increasing beam energy.
In our previous work, the elliptic flow of charged particles and protons for Pb+Pb collisions at Super Proton Synchrotron (SPS) energies was studied within the UrQMD model [18] . It was found that, the NA49 experimental data in the energy region below E beam = 10A GeV can be reasonably described by the UrQMD model with the inclusion of nuclear potentials. However, the model, based on the cascade mode, underpredicts the elliptic flow above 40A GeV. As an attempt to better describe the experimental data, the pre-formed particle potential was further considered [38] [39] [40] [41] [42] . A strong repulsion is generated at an early stage with the inclusion of mean field potentials. The repulsive interactions for the baryons make them expand faster, decreasing the local density and thus antiprotons have a smaller probability of being annihilated, which, furthermore enhanced the yield of antiprotons. Thus measurable yields of antiprotons can be quantitatively explained fairly well [38, 41] . Also, the experimental data of protons and antiprotons elliptic flow in 197 Au + 197 Au collisions at √ s N N = 7.7 GeV can be reasonably described [42] . In this work, we extend the model to describe the difference in v 2 between and NA49 [67] there is the elliptic flow for protons. For E877 [68] , CERES [69, 70] and STAR [71] there is the v2 for charged particles. Simulations with a pure cascade mode UrQMD/C (dashed lines with circles) are compared to results from UrQMD/M (solid lines with squares). protons and antiprotons at √ s N N = 5 − 12 GeV. Fig.1 depicts the UrQMD results for the energy dependence of the elliptic flow of protons and antiprotons for 10 − 40% central 197 Au + 197 Au collisions with |y| < 0.1 and p t < 2 GeV/c. The calculated results from standard UrQMD cascade (UrQMD/C) mode and the UrQMD with mean field potential (UrQMD/M) mode are shown together with the experimental data from E895 [62] , NA49 [67] , E877 [68] , CERES [69, 70] and STAR Collaborations [71] for comparison. As many experimental data as possible in this energy region are collected, although they are for various species of particles with different centrality and rapidity cuts. The NA49 data [67] of protons from mid-central (5.3−9.1 fm) Pb+Pb collisions is analysed by the cumulant method. The STAR data [71] was taken with acceptance p t < 2 GeV/c, and averaged over pseudorapidity region |η| < 1 from 0 − 60% central Au+Au collisions. It is important to note that the STAR data are actually for charged particles and obtained using the event plane rather than the reaction plane which could lead to different results. Therefore this comparison should be taken with some caution.
For the elliptic flow of protons (line with solid symbols), the UrQMD/M mode which includes the preformed particle potential, is in line with experimental data, while the UrQMD/C mode overestimates the data at lower energies. As for the v 2 of antiprotons (line with open symbols), the result from the UrQMD/M mode steadily increases as the energy increases. Including nuclear potential, the difference in v 2 between protons and antiprotons, at midrapidity (|y| < 0.1) from 10−40% central simulations, decreases with increasing beam energy, which is consistent with the trend of the SATR data [12] . In the UrQMD/C pure cascade simulations, the v 2 values of antiprotons and that of protons are identical within errors. As discussed earlier, in the UrQMD/M mode, both the v 2 of protons and anti-protons will be enhanced at the very early stage (∼4 fm/c for √ s N N = 7.7 GeV, before most hadrons are formed), since a stronger early pressure is supplied by the potential of pre-formed particles. With increasing time, the v 2 of protons is further increased by the repulsive potentials and a large number of two-body collisions. Nevertheless, the v 2 of anti-protons keeps unchanged at the same period in time. Because most of anti-protons have been pushed out of the fireball and survived without a further annihilation process due to the decreased net-density, as well as potential modifications. And more detailed description of the early time dynamics, see our previous work [42] .
The influence of the acceptance windows on the energy dependence of the difference in v 2 between particles and corresponding antiparticles cannot be ignored. In Ref. [12] , the experimental data on the centrality dependence of the v 2 difference were presented. The difference is larger for midcentral (10−40%) collisions than for central (0 − 10%) and peripheral (40 − 80%) collisions. In Fig.2 a larger centrality (0 − 80%) and rapidity (here the so-called pseudorapidity |η| < 1) bin is adopted. Again one can clearly observe that the elliptic flow of protons and antiprotons in the cascade simulation (UrQMD/C) are almost identical, which is similar to the result shown in Fig.1 . However, the difference in v 2 between protons and antiprotons still exists in the simulations within the UrQMD/M mode, but the energy dependence is weaker, due to the larger centrality and rapidity windows. Taking a larger rapidity window decreases the effect for stopping, as even at higher beam energies regions with larger baryon density then fall into the acceptance. This finding supports the idea that the observed effect is mainly sensitive to the net baryon density of the system. The influence of the rapidity cut on the difference in v 2 between protons and antiprotons is investigated further in Fig. 3 . The pseudorapidity (η) dependence of the elliptic flow v 2 of protons and antiprotons is respectively shown in panels (a) and (b) of Fig. 3 . The v 2 difference between protons and antiprotons is shown in the panel (c). The elliptic flow of protons as a function of η is qualitatively consistent with previous measurements [67, 72] . At higher energy ( √ s N N > 7.0 GeV), the v 2 of antiprotons increases quicker than that of protons at midpseudorapidity. And the difference in v 2 at midpseudorapidity decreases with increasing collision energy, mainly due to the v 2 of antiprotons at midpseudorapidity increases with increasing energy. However, it is opposite at the projectile and target pseudorapidity regions. Thus in a wide pseudorapidity range |η| < 1, the difference between v 2 of protons and antiprotons is only weakly dependent on the beam energy. As the net baryon density decreases in midrapidity the observed splitting effect slowly disappears.
The relative p t -integrated elliptic flow difference between protons and antiprotons, defined by [v 2 (p) − v 2 (p)]/v 2 (p), is shown in Fig.4 , in which panel (a) is for 10 − 40% central and panel (b) is for 0 − 80% central Au+Au collisions, the experimental data taken from Ref. [12] and Ref. [15] , respectively. In panel (a), the simulated results calculated from UrQMD/M mode are shown for three cases. The UrQMD/M-I (solid line with solid squares) is the relative elliptic flow difference at midrapidity |y| < 0.1, while the UrQMD/M-II (solid line with open squares) is the relative v 2 difference at |η| < 1. The UrQMD/M-III (solid line) shows the relative v 2 difference at |η| < 1 normalized by v norm 2 , the proton elliptic flow at p t = 1.5 GeV/c as done in Ref. [12] . By comparing the results obtained with UrQMD/M-I and UrQMD/M-II, which differ only in the pseudorapidity window, we see that the relative v 2 difference decreases quickly with increasing energy at midrapidity. However, over a wider pseudorapidity range (|η| < 1) this energy dependence becomes weaker, as discussed above. When the same normalization as Ref. [12] is employed in UrQMD/M-III, a weak energy dependence is observed, which is in qualitative agreement with the result of UrQMD/M-II. In the simulations, the v norm 2 is larger than the p t -averaged v 2 of protons which used in UrQMD/M-II, thus the solid line is lower than the solid line with open squares.
In the panel (b) of Fig. 4 , the relative v 2 difference at |η| < 1 from 0 − 80% central collisions within UrQMD/M and UrQMD/C model are shown. In the UrQMD/C mode the relative v 2 difference is essentially zero. The model containing potentials can quantitatively describe the STAR data [15] . At energies below √ s N N = 7.7 GeV the difference seems to saturate and does not obviously depend on the beam energy. By comparing the solid line with open squares in the panel (a) and the solid line with solid squares in the panel (b), both being the relative v 2 difference at |η| < 1 but for different centralities, the energy dependence of the difference is gradually weakened with a larger range of the impact parameter. We therefore suggest to measure the difference of v 2 between protons and antiprotons at various centralities and rapidity bins at lower beam energies as an indicator to explore the nuclear potential in this beam energy range. We note here that besides the v 2 splitting between protons and anti-protons, the v 2 splitting between other particles and anti-particles (e.g., Λ, Ξ, π, K) also have been measured by the STAR Collaboration [14, 15] . The splitting for the Λ seems similar to that of protons, indicating that the effect stems mainly from the bulk density and not so much from different potentials for different baryons. 
IV. SUMMARY AND OUTLOOK
To summarize, we have studied the elliptic flow of protons and antiprotons in heavy ion collisions at √ s N N = 5 − 12 GeV, within the UrQMD model. Two different modes of the model where employed: a pure cascade and the mean field mode. The energy dependence of the elliptic flow of protons and the relative difference in elliptic flow v 2 between protons and antiprotons can be well reproduced within this purely hadronic description. A stronger repulsion generated by the potential in the early stage leads to an earlier freeze out of the antiprotons. The energy dependence of the v 2 difference between protons and antiprotons is gradually weakened with increasing the range of the impact parameter. In addition, the difference in v 2 between protons and antiprotons in a narrow rapidity window is more sensitive to the beam energy variation than in a wide rapidity range. This indicates that the observed effect is strongly dependent on the net baryon number density. Thus, the effect disappears and the nuclei become more transparent at higher beam energies. An interesting measurement would be the verification of this effect at large rapidities of higher beam energies. In our simulations the elliptic flow splitting for 0 − 80% central Au+Au collisions with |η| < 1 still exists below the BES Phase-I energy region, and the splitting does not strongly depend on the collision energy. Meanwhile, we propose that the v 2 splitting of particles and anti-particles should be measured at existing and planned heavy ion experiments to highlight the importance of nuclear interactions even at the BES Phase-II ( √ s N N = 7.7 − 19.6 GeV) at RHIC, CBM ( √ s N N = 2.7 − 4.9 GeV) at FAIR and NICA ( √ s N N = 4 − 11 GeV). Although our results explain the experimental data reasonably well, the difference in elliptic flow between particles and anti-particles might receive contributions from other effects, e.g., the different potentials for different particles [21, 31] , the chiral magnetic effect [73] , which are not included in the present work. However, these effects seem to be dominated by the nucleon potentials for all hadronic species. It is of particular interest to improve the present model by including these effects, to understand more deeply the energy-dependent difference in elliptic flow between particles and anti-particles for Λ, Ξ, K and π. Only in such a study it can be truly understood whether the effect is due to the net-baryons density or also sensitive to different hadronic potentials.
Recently, we have noticed that in [74] , J. Aichelin et al presents the novel microscopic n-body dynamical transport approach PHQMD (Parton-Hadron-Quantum-Molecular-Dynamics). They modified singleparticle Wigner densityf of the the nucleon i by accounts for the Lorentz contraction effect. It is more practical and time-saving to simulate the reaction in realistic heavy-ion calculation, and also provides reference and inspiration to our next investigations.
